Background. Single-dose cardioplegia is preferred in minimal invasive mitral valve surgery to maintain the adjustment of the operative site without change of preset visualization. The aim of our study was to compare two widely used crystalloid cardioplegias Bretschneider (Custodiol®) versus St. Thomas 2 in patients who underwent mitral valve repair via small anterolateral right thoracotomy. Material and Methods. From May 2012 until February 2019, 184 isolated mitral valve procedures for mitral valve repair via anterolateral right thoracotomy were performed using Bretschneider (Custodiol®) cardioplegia (n = 123) or St. Thomas (n = 61). Primary efficacy endpoint was peak postoperative high-sensitivity cardiac troponin (hs-cTnT) during hospitalization. Secondary endpoints were peak creatine kinase-muscle brain type (CK-MB) and creatine kinase (CK) as well as safety outcomes. We used inverse probability of treatment weighting (IPTW) in order to adjust for confounding by indication. Results. Peak hs-cTnT was higher after use of Bretschneider (Custodiol®) (geometric mean 716 mg/L, 95% confidence interval (CI) 605-847 mg/L) vs. St. Thomas 2 (561 mg/L, CI 467-674 mg/L, p = 0:047). Peak CK-MB (geometric mean after Bretschneider (Custodiol®): 40 μg/L, CI 35-46, St. Thomas 2: 33 μg/L, CI 27-41, p = 0:295) and CK (geometric mean after Bretschneider (Custodiol®): 1370 U/L, CI 1222-1536, St. Thomas 2: 1152 U/L, CI 972-1366, p = 0:037) showed the same pattern. We did not see any difference with respect to postoperative complications between treatment groups after IPTW. Conclusion. Use of St. Thomas 2 cardioplegia was associated with lower postoperative peak levels of all cardiac markers that reflect cardiac ischemia such as hs-cTnT, CK, and CK-MB as compared to Bretschneider (Custodiol®) in propensity-weighted treatment groups.
Introduction
Mitral regurgitation is the second most common valve disease and a common indication for valve surgery in Europe. Therefore, mitral valve repair is the gold standard for the correction of severe mitral regurgitation and recommended (class I) by current ESC/EACTS guidelines for the management of valvular heart disease [1] . Minimal invasive mitral valve surgery via a minithoracotomy has become a preferred surgical approach to treat mitral valve pathologies. This procedure is less invasive; hence, it has a lower risk of severe wound complications and is cosmetically more attractive to patients, while being technically more demanding for the cardiac surgeon. Several studies have shown the benefit of minimal invasive cardiac surgery due to decreased blood loss and shorter ICU stay [2] . Anesthesia management has improved along with postoperative care and as a consequence has the surgical outcome. Due to the increasing complexity of patients and limited surgical access, myocardial protection strategies became the focus of surgical attention. During the procedure of mitral valve repair, there is no doubt that optimal myocardial protection plays a key role in achieving a successful outcome and in minimizing myocardial damage. However, there is an ongoing discussion about the optimal cardioplegic solution for myocardial preservation. Several smaller studies have shown the benefit of using crystalloid cardioplegia in cardiac surgery [3] [4] [5] [6] [7] [8] [9] . The striking advantage of crystalloid solutions is the longevity of duration of a single dose with avoidance of several adjustments of the operative site, which is necessary in other cardioplegic formulas with repetitive administrations. To assess possible differences among crystalloid cardioplegia solutions, we included patients in whom single-dose antegrade crystalloid cardioplegia with either Bretschneider (Custodiol®) or St. Thomas 2 was used. Both are very appealing for minimally invasive cardiac surgery due to their single-dose application and secure cardioprotective arrest for up to two hours.
The aim of our study was to investigate whether St. Thomas 2 provides superior myocardial protection and decreases myocardial damage compared to Bretschneider (Custodiol®) in patients undergoing full endoscopic minimal invasive anterolateral right minithoracotomy.
Methods

Ethical
Approval. The local ethical committee (EKNZ BASEC Req-2019-00070) approved the study protocol, which is in accordance with the principles of the declaration of Helsinki. The ethical committee has waived the need to obtain informed consent.
The trial was registered at the ClinicalTrials.gov (ID NCT03818113). The authors designed the study, gathered and analyzed the data, vouched for the data and analysis, wrote the paper, and decided to publish.
Study Population.
We included patients who underwent isolated mitral valve surgery using an anterolateral minithoracotomy with femoral installation of extracorporeal circulation (ECC) in the department of cardiac surgery at the University Hospital Basel from May 2012 until February 2019. Patients received either St. Thomas 2 or Bretschneider (Custodiol®) cardioplegia as a single dose. Standard protocol for Bretschneider (Custodiol®) included antegrade delivery of 20 mL/kg and for St. Thomas 2 30 mL/kg within 6 minutes at 4°C perfusion temperature. We excluded patients who had known coronary artery disease, mitral valve replacement, second cross-clamping, and combined cardiac procedures.
A group of 123 patients, who received Bretschneider (Custodiol©) cardioplegia, was compared to 61 patients with St. Thomas 2 cardioplegia. Given the observational origin of the data, we used IPTW to adjust for confounding by indication, including age, female gender, logistic EuroSCORE, and hypertension as covariates into the propensity model. We trimmed the tails of the propensity score, as the corresponding records are suspicious of residual confounding, and calculated standardized differences to assess comparability of treatment groups after IPTW.
Surgical Technique.
In brief, minimally invasive mitral valve repair is performed through a right anterolateral thoracotomy with a periareolar incision, usually entering the thoracic cavity through the fourth intercostal space. Usually, the left groin is used for venous and arterial femoral cannulation for the cardiopulmonary bypass. For the first two years, we used the Chitwood clamp; later, we switched to the Glauber clamp for aortic cross-clamping. Either St. Thomas 2 or Bretschneider (Custodiol®) cardioplegia as a single dose is administered. In all our cases, mitral valve repair with leaflet resection and/or implantation of artificial chordae in combination with ring annuloplasty is exclusively performed. Every patient is monitored by transesophageal echocardiography, which is used perioperatively to evaluate the surgical results.
2.4. Outcomes. Primary efficacy outcome was the highest postoperative hs-cTnT level measured before discharge; secondary outcomes were peak CK-MB and CK and the first postoperative hs-cTnT, CK-MB, and CK, which have been measured at the first day after surgery at 6 am. Safety outcomes were postoperative complications such as myocardial infarction, MACCE, and need for defibrillation at the end of surgery. Operative mortality was defined as death during surgery. Postoperative stroke was defined as a new, permanent neurological disability or deficit. Atrial fibrillation was defined as a new and permanent postoperative atrial fibrillation during hospitalization. Length of hospital stay was defined as one day prior to the procedure until discharge.
Statistical Analysis.
We conducted an IPTW analysis and included age, female gender, EuroSCORE 2, hypertension, last preoperative creatinine, ejection fraction (EF), prior myocardial infarction (MI), and preoperative stroke as covariates into the propensity model. We trimmed the tails of the propensity score distribution. Differences between the treatment groups (Bretschneider (Custodiol®) and St. Thomas cardioplegia 2) after IPTW were expressed as standardized differences to assess the difference independent of the number of observations. We considered an absolute standardized difference above 0.1 to be indicative for a possibly meaningful difference. Given the skewed distribution of hs-cTnT, CK-MB, and CK, these variables were analyzed as geometric mean with confidence interval which was back transformed from the logarithmic scale. To investigate the impact of cardioplegic solution on these cardiac markers, we used IPT-weighted Poisson regression with robust standard errors. We included size of ring for annuloplasty as covariate into the model as a first sensitivity analysis. As a second sensitivity analysis, we included year of surgery as fractional polynomial covariate into the model to adjust for the impact of changes in surgical details that might have happened within 7 years of patients' enrolment.
Normally distributed continuous data were reported as mean ± standard deviation, and comparisons were made using linear regression. Nonnormally distributed continuous variables were analyzed the same way as cardiac markers. Categorical data are reported as numbers with percentage and compared using logistic regression. Confidence intervals and p values are two-sided; a p value below 0.05 is considered significant. All analyses were done by a biostatistician (BG) using Stata 15 (StataCorp, Texas).
Results
Baseline Characteristics.
From January 2009 to February 2019, 871 patients underwent 904 mitral valve operations at our hospital. In 695 patients who received mitral valve repair, anterolateral thoracotomy was chosen as surgical access in 269 patients. 184 of which met the inclusion criteria of this study.
The median age of the patients in the group of Bretschneider (Custodiol®) was 63 years (SD = ±11:8) and in the group of St. Thomas 2 64 years (SD = ±10:2), respectively (p = 0:48). Male gender was predominant in both groups (Bretschneider (Custodiol®) n = 64% vs. St. Thomas 2 n = 66%). Before IPTW, groups were comparable with respect to hemodynamic profiles and all other baseline characteristics except hypertension which was more frequent in patients treated with Bretschneider (Custodiol®). After IPTW, treatment groups were similar with respect to patient characteristics and mitral valve pathology (Tables 1 and 2).
Surgical
Results. Duration of operation and aortic clamping time were similar in both groups (208 min vs. 207 min and 90 min vs. 88 min, respectively). There was no statistical difference in perfusion time. Defibrillation was more frequently used in patients receiving Bretschneider (Custodiol®) cardioplegia (50%) vs. St. Thomas 2 (36%). Both cardioplegias were given as a single-shot antegrade. Neither of the two groups received a second injection of Bretschneider (Custodiol®) or St. Thomas 2 cardioplegia. The hemody-namic profiles of the matched patients were comparable in both groups. Both groups had predominantly a valve annuloplasty.
3.3. Postoperative Data. The in-hospital outcomes and complications are summarized in Table 3 after IPTW. In terms of in-hospital mortality, there was no significant difference between the two groups (Bretschneider (Custodiol®) n = 1 (0.7%) vs. St. Thomas 2 n = 0 (0%); p = 0:484). Although there were three cases (n = 2:4%) of myocardial infarction in the group of Bretschneider (Custodiol®), these were without statistical significance in comparison with the group of St. Thomas 2 (n = 0%, p = 0:22). Moreover, we did not find any statistically significant difference in the stay of the hospital length in days and for atrial fibrillation at discharge (Bretschneider (Custodiol®) n = 32 (28.5%) vs. St. Thomas n = 15 (27.7%); p = 0:918).
Efficacy Outcome.
Postoperative biomarkers including creatine, CRP, GFR, potassium, hemoglobin, leucocytes, sodium, hs-cTnT, CK, and CK-MB are shown in Table 4 .
After IPTW, our primary outcome peak hs-cTnT was higher after use of Bretschneider (median = 716 ng/L) as compared to St. Thomas 2 (median = 561 ng/L; p = 0:0047).
The first hs-cTnT and CK showed the same pattern.
There was a statically significant difference in the first CRP (Bretschneider (Custodiol®) mean = 51:1 mg/L vs. St. Thomas 2 mean = 64:2 mg/L; p = 0:005). Additionally, the first potassium was significantly lower in the group of Bretschneider (Custodiol®) (p = 0:017) but in the normal range of lab analysis. All cardiac markers measured in blood were higher in the group of Bretschneider (Custodiol®). These results were robust after further adjustment for size of ring (p = 0:027) but less pronounced after adjustment for year of enrolment (p = 0:054).
Discussion
This study has shown the benefit of St. Thomas 2 cardioplegia regarding the postoperative cardiac markers in minimally invasive mitral valve repair. The purpose of cardioplegia is to cause myocardial arrest, to support normal physiology during ischemia, and to decrease the metabolism. Bretschneider (Custodiol®) and St. Thomas 2 are appealing cardioplegic agents for minimal invasive cardiac surgery. Both are given as a single dose and offer myocardial protection for up to 2 hours. On the one hand, Bretschneider (Custodiol®) cardioplegia is an intracellular crystalloid cardioplegic solution with low concentration of calcium and sodium. On the other hand, St. Thomas 2 cardioplegia is an extracellular cardioplegic solution, which is based on potassium and magnesium. Few studies compare the effect of either Bretschneider (Custodiol®) or St. Thomas 2 with other established cardioplegic solutions, but they have never been compared directly [10] [11] [12] [13] .
This retrospective analysis focused on patients with a minimally invasive mitral valve repair via an anterolateral right thoracotomy. Patients receiving a single dose of Bretschneider (Custodiol®) were compared with patients receiving St. Thomas 2 cardioplegia regarding the postoperative cardiac markers such as hs-cTnT, CK, and CK-MB. Our primary endpoint was the hs-cTnT postoperatively, and the secondary endpoints were the CK, CK-MB, and safety outcomes. The patients' characteristics were similar in both groups.
We measured significantly lower cardiac markers postoperatively in patients receiving St. Thomas 2 cardioplegia in mitral valve repair via an anterolateral thoracotomy. Since the surgeons had the same experience, the duration of the operation, the cross-clamping time, and the perfusion time were statistically not significant. The number of perioperative defibrillation was statistically not significant, but there is a tendency in the group of St. Thomas 2, which needed fewer defibrillations (n = 20 (37%) as compared to Bretschneider (Custodiol®) n = 56 (50%); p = 0:130). There were no statistically significant differences in the postoperative outcomes. However, all postoperative cardiac markers were elevated in the group of Bretschneider (Custodiol®). In particular, the maximum values of hs-cTnT and CK were significantly increased compared to the group with St. Thomas 2 cardioplegia (hs-cTnT: median 716 ng/L vs. 561 ng/L; p = 0:047; CK: median 1370 U/L vs. 1152 U/L; p = 0:037).
There are some limitations in our study: First, this is a single-center observational study. The sample size is relatively small, and there is a mismatch in the number of patients in these two groups. After IPTW, 113 patients were treated with Bretschneider (Custodiol®) as cardioplegic solution versus 55 patients who were given St. Thomas 2 cardioplegic solution for myocardial protection during cardiac surgery. Second, measurement of the postoperative biomarkers was not according to a specific time. Time frame for the first postoperative hs-cTnT, CK, and CK-MB was within the first 36 hours after the cardiac surgery.
The maximum values of high-sensitive troponin, creatine kinase, and creatine kinase-myocardial type were defined/measured as maximum during hospitalization. Additionally, in comparison to hs-cTnT and CK-MB, CK has a low specificity as a biomarker for myocardial damage. Concerning St. Thomas 2, it seems unusual to use it as a single shot, but we never had to reperfuse St. Thomas 2 cardioplegia due to cardiac activity while performing mitral valve repair.
Conclusion
It is important to understand that such a complex operation like mitral valve repair with Bretschneider (Custodiol®) or St. Thomas 2 cardioplegia should be done without having interruption or complex changes in the position of the heart. Single-dose antegrade cold Bretschneider (Custodiol®) and St. Thomas 2 in elective valve surgery are both effective in protecting the myocardium. Both cardioplegia strategies had a similar cross-clamp time. All postoperative cardiac markers were higher in the group of Bretschneider (Cus-todiol®) cardioplegia. In addition to that, there was a statistically significant difference in the maximum values of hs-cTnT and CK.
In summary, St. Thomas 2 cardioplegic solution was associated with significant lower levels of postoperative cardiac biomarkers compared to Bretschneider (Custodiol®) cardioplegic solution and therefore should be recommended in patients undergoing minimal invasive mitral valve repair.
